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ABSTRACT

Advanced gi aphics interfaces for space telerobot-
ics applications arc illustrated by examples developed at
the JPI. Advanced Teleoperation 1.aboratory. Applica-
tion examples include task analysis and planning
displays for a teleoperated Solar Maximum Satellite
repair task, a novel force-reflecting teleoperation simula-
tor for operator training, and preview/predictive displays
with calibrated graphics overlay for on-line remote ser-
vicing operations, for example, ground remote control
of space 1obots with time delay.

1. INTRODUCTION

Advances in  computer graphics technologies
cnable the design, development, anti usc of high-fidelity
graphics displays for very efficient opeiational aid in
space teler obotics. Advanced giaphics techniques [6]
can be used to achicve increased reliability in all three
phases of space telerobotic operations; in off-line task
analysis and planning, in operator training, and in on-
line task execution. This paper addresses potential use
of graphics displays in al three phases of space telero -
botics flight operations.

In particular, on-line preview/predictive displays
for ground-controlled telerobotic servicing, in space will
be described in detail. in the new “previewed” predic-
tive display strategy for enhanced opcrational safety, the
operator inter acts with the graphicall y simulated "vittual
environment” first before sending the robot arm motion
command to the remote site for actual execution. in
order 1o accurately match graphically simulated “virtual
environment” with the real task environment, operator-
interactive reliable camera calibration and object locali-
zation algorithms arc used.

II. TASK ANALYSIS AND PLLANNING D ISPLAYS

Graphics displays can provide substantial aid in
off-line task analysis and planning, for example, to
invest igatc workcelllayout, motion planning with colli-
sion detection and with possible redundancy resolution,
planning for camera images, and continuous motion

simulation. Graphics displays are used for task analysis
and planning of Solar Maximum Satellite Repair
(SMSR) “I"ask. The Solar Maximum Repair Mission [?]
was successfully completed by two astionauts through a
‘/-hour extra vehicular activity (1:VA) in 1984. In this
mission, the Solar Maximum Mission (SMM) satellite
was captuted and berthed in the Space Shuttle cargo
bay by using the Shuttle Remote Manipulator System
(RMS), and then threc tasks were performed prior to the
deployment of the 1epaired satellite. The most difficult
task among the three was the Main Blectronics Box
(MLEB) repair.  The teleoperated MI B repair task has
been partia | y demonstrated in the Advanced Teleopera-
tion | .abor ator y (ATOP) by using a dual-am force-
reflecting teleoper ation system  equipped  with recent
advanced control and graphics display techniques.

The workeell Of the simulated SMSR task (Fig. 1)
consists of two 8-dof AAI robot arms, a partial SMM
satellite mockup, two "smar t*  hands (end effector S), a
1aised tile floor. Other woikeell elements include cam-
era gantry frame and various end effector tools such as
a power-driven screw driver, atape cutter, and adiago-
nal cutting plier. In order to deter mine the. desirable
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Fig. 1, Graphics display of the simulated Solar Max-
imum Satellite Repair (SMSR) setup with an overlay of
the reach envelope Of the right robot hand for task
analysis and planning.



mounting locations of therobots and the satellite
mockup, reach envelopes of robots were overlaid on the
workeell display graphics for various task conditions,
where each device was allowed to be moved to satisfy
the reach envelope constraints. An example of the
reach envelope analysis is shown in Fig. 1 to determine
the opening angle of the MEB panel. When the panel is
100° opened, some of the connector screws near the
hinge assembly cannot be reached by the screw driver
at the right angle. Further careful reach envelope
analysis indicates that when the panel is 115° opened,
the screw dr iver can reach all the connector screws at
the right angle to the panel as shown in Fig. 1.

Other task analysis and planning examples include
motion planning with collision detection, redundancy
management, planning for camera views, and complete
motion simulation using graphics displays. A final
verified planned task sequence and the maotion simula-
tion for each task segment can be used later for preview
display during the cm-line task execution.

NI, OPERATOR TRAINING DISPLAYS

Graphics, displays can also serve as an introduc-
tory training tool for opc.raters. ‘eleoperationin gen-
eral demands considerable training, and robots can be
damaged during the initial stages Of the training. Prior
to training with actual robots, a telerobot simulator can
be used during the initial training. Introductory training
with asimulator can save time and cost for space crew
training.

Recentl Y we have developed a fore.e.-rcflect ing
teleoperation sin~ul:itor/trainer [S], [8] as a possible
computer-aided telcoperation training System (Fig. 2). A
novel feature of this simulator is that the operator actu-
ally feels virtual contact fore.cs and torques of a compli-
antly controlled 1obot hand through a force reflecting
hand contioller during the exccution Of the simulated
pep,-in-i)ole task. The simulator allows the user to
specify force reflection gains and the stiffness (compli-
ance) values of the manipulator hand for both the three
translational and the three rotational axes in Cartesian
space, The location of the compliance center can also
be specified, although initially it is assumed to be at the
grasp center of tile manipulator hand.

A peg-in-hole task is used in our simulated teleo-
peration trainer as a generic teleoperation task, An in-
depth quasi-static analysis of a two-dimensional peg-in-
hole task has been reported earlier [1 2], but the two-
dimensional model is not sufficient to be utilized in a
teleoperation trainer. “1"his two dimensional analysis is
thus extended to a thrm-dimensional peg-in-hole task,
so that the analysis can be used in our simulated teleo-
peration trainer. In order to have finite contact fore.cs
and torques, both lateral and angular compliance must
be provided for the system. In our simulation, the hole
and its support structure arc assumed to be rigid with

in finite stiffness, while the robot hand holding the peg is
compliant for allcartesian translational and rotational
axes (Fig.3). We further assume that the compliance
center is located at a distance /1. fromthe tip of the peg
with thice lateral springs and three angular springs.
Detailed computational procedures canbe found in [5],
[8]. A more generalized method of computing contact
forces and torques based on a general collision detection
algorithm is under consideration.

A high fidelity real time graphics simulation of
the peg-in-hole task with a PUMA arm and a gencric
task board has been accomplished by using a Silicon
Graphics 11<IS-4i)/310 VGX workstation, which is very
fast both in computation and in graphics rendeting with
hardware-supported hidden surface removal anti light-
ing. When force/torque computations are involved due
to contact, the update rate is about 16 frames/s. The 6-
dof hand controller motion commanded by the human
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Fig. 2. Force-reflecting teleoperation training displays
before contact (upper) and during insertion (lower).
Contact forces and torques are computed and reflected
to the form reflecting hand controller in real-time, They
are also displayed on the upper left corner of the screen,
while the current joint angles appear on tile upper right
corner.
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Fig.3. Geometry of a simulated peg-in-hole task with
lateral and angular springs at the compliance c.enter.

operator IS sent to the graphics simulation display
through a serial 1/() line at an about 30 Hz data update
rate. Virtual contact forces and torques arc computed in
real time and fed back to the hand controller through
the serial 1O line at an about 30 Hz data update rate.

Testings With the developed peg-in-hole task
simulator/trainer indicate that appropriate compliance
values arc essential to achieve stable force-reflecting
teleoperat ion in performing, the sSimulated } ~cg,-in-hole
task. As the compliance values of the simulated robot
hand becomes smaller, the operator must hold the
fore.e-Icflectin~ hand controller more firmly to maintain
the stability of telcoperation.

V. ON-LINE PREVIEW/PREDICTIVEEDISPLAYS

Giraphics displays can also provide effective
opcrator aid during the on-line operation, In particular,
we have recently developed on-line graphics aids for
ground-controlled telerobotic servicing in space, which
has potential operational benefits in future space mis-
sions.  Possible future applications include ground-
controlled telescience  experiments, gtound-controlled
1 emote maintenance/repair — of spacecrafts including
Space Station }reedom, and ground-controlled remote
assembly/construction work on the Moon or Mars. An
imminent  potential  application  includes ground-
controlled teler obotic servicing of the 1lubble Space
‘1I'ele.scope (11 S'1') to assist EVA (kxtra Vehicular
Activity; space walk) astronauts performing a mainte-
nance mission in the Space Shuttle cargo bay. In a con-
ceivable telerobot-assisted EVA maintenance scenario,
EVA astronauts will capture and berth the }1S'1’ on the
Shuttle bay and perform critical tasks, while some other

tasks such as open/c.lose 18T tool box, deploy/stow
crew aids, and replace ORU’s can be potentially carried
out by telerobotic operations from the ground. This
telerobotic assistance is expected to reduce astronauts
EVA time, andthus save operational cost.

in such ground-controlled remote operations, how-
ever, there IS an unavoidable communication time delay.
The round-trip time. del ay of the. communication link
between the ground station and a space telerobot in low
Earth o1bit is expected to be 2 to 8 seconds to relay
data via several communication satellites and ground
stations. 1tisin general difficult for the human opesator
to control aremote manipulator when the communica-
tion time delay exceeds 1 second. The best known stra-
tegy to cope with time delay is the “move and wait”
stiatepy [3]. In this strategy, the operator moves the
manipulator a small distance and then waits to sce what
happens before the next move. Two important schemes
that enhance telemanipulation task performance under
communication time declay aie shared compliance
control and predictive display [1], [6]. A recent report
[7] based on pep,-in-hole experiments under O to 4 S
time  delays  indicated thaa the use  of
complianc e/impedance control in the remote Site is
essential and promising for time-delayed teleoperation,

in a predictive display, the graphics model
responds immediately to the human operator’'s hand
¢ ontrol ler commands, while the actualcameraview O f
the arm responds with a communication time delay.
Thus the predictive display provides the operator With
the non- time-dclaycci or predicted motion of the. robot
am. A predictive display system was originally
developed earlier by using a stick figure medel of the
robot ai m overlaid on the actual video image of the arm
[1 1], Wc have extended stic.k-fi~urc-type predictive
display technology to high-fidelity 3-I) predictive
display technology for applications tO ground-controlled
telerobotic servicing in space with communication time
delay. Hligh fidelity is achieved by 1) precise 3-D
graphics modeling/i endeting, 2) operator-interactive reli-
able camera calibration and object local ization that
enable accurate calibrated overlay of graphics models
on the live video of quasi-static telerobotic task environ-
ments, arid 3) usc of the same control software to drive
the local-site simulated robot which drives the remote-
site real robot,

Although various camera calibration and object
localization algorithms have been repor ted, we recently
developed @ methodology of using general-purl)ose
operator-interactive camera calibration and object locali-
zation algorithms to achieve reliable, high fidelity cali-
brated graphics overlay. The developed alporithms also
provide a key technology of matching sSimulated graph-
ics “virtual environment” with the real task environment
reliably and accurately based on visual sensor data of
video camera views, enabling interactive graphics-



mockl-based controlincorporated with operator-assisted
sensor-based control as an approach to efficient telero-
botic servicing in general regardless of time delay.
Examples of calibrated graphics over lay after camera
calibration anti object localization are shown in Fig, 4.
Predictive displays with calibrated graphics over-
lay have been further extended to "previewed" predic-
tive displays. in the original “real-tilnc” predictive
display, the operator-commanded hand contraller motion
drives both the simulated graphics model (without
delay) anti the real robot arm (with communication time
delay) simultancously. 1N this "previewed" predictive
display, the operator first interacts with the graphically
simulated "virwal environment” by driving the simu-
lated graphics model to perform a desired segment of
the task, The operator then sends the motion command
to the remote site for actual motion execution, oniy
after verifying the commanded motion through graphics

Fig. 4. Calibrated overlays of troth the robot arm and
the ORU graphics models on the live video picture after
the camera calibiation and object Jocalization for four
calibrated camera views. oblique-view cameia (upper)
and overhead camera withzoom in (lower).

preview. This"previewed" predictive display operation
isrepeated for each new task segment.

A typical scenarjoto perform a task segment with
"previewed" predictive displays would be as follows. 1)
The operator drives the simulated robot arm with a hand
controller by using preview/predictive graphics displays
and records the robot motion trajectory. 2) The opera-
tor plays back the recorded robot motion with an
appropriate time scale by again driving the simulated
arm to preview and verify the robot motion trajectory.
This preview verification isimportant to ensure opera-
tional safety. 3) The operator sends the verified trajec-
tory m the remote site, and the remote system stores the
trgjectory data in a buffer. Thistrajectory data buffering
ensurcs accurate motion execution even with slow or
abrupt change in the communication time delay. 4)
After the receipt of the whole trajectory, the remote sys-
tem executes the robot motion trajectory command to
drive the actual 1obotarm. During the execution,
compliance/impedance control can be activated. In the
locdl site, the operator monitors the command exccution
by visually observing the preview/predictive display
updated with the returned video image of the robot arm
motion. 5) After the completion of the robot motion
execution, the graphics modcl of the arm is updated
with the actual final robot joint angles. Yhis updated
procedure not only eliminates accummulation of motion
execution errors but also enables the preview/predictive
display to be Useful evenwhen the compliance/
impedance control is activated in the. remote site, for
example, during the performance Of a contact or inser-
tion task.

Operator interface iS an important clement for
C. fficient interactions between the human operator and
the telerobotic system.  Advances in graphics and
graphical operator interface (GUI) technologics enable
development Of very efficient graphical operator inter-
faces [4]. A graphical operator interface that supports
the "previewed" predictive display strategy has been
developed. Two Silicon Graphics workstations and one
NTSC vidco monitor are currently used. The primary
workstation (@IRIS-A1/310 VGX) is used for
DlcVit\+/~~rc(iicti\c displays and for various GUI’s. A
Silicon Graphics Videol.ab board installed in the pri-
mary workstation captures the live video picture at 30
frames/s, and suppoits real-time graphics overlay to
appear troth on the high-resolution (1280x1024) works-
tation monitor and the low-resolution video monitor
simultaneously. The second workstation (IRIS-41>/70
GT) is solely used for sensor data display providing
graphical visualization of robot arm joint angles, 6-dof
folc.c/torque sensor data, and capaciflector proximity
sensor data.

A top-level screen layout on the primary worksta-
tion is shown in Fig. S. 1t consists of two NTSC-



Kig. S. Top-level graphical operator interface.

resolution (646x486) windows on the |eft side and two
slightly smaller windows on the right side. During the
cameta calibration and object localization, a 3-13 graph-
ics display appears on t hc upper left window, live video
picture on the lower left window, came.ra calibration or
object localiz ation GUI on the upper right Window, and
graphics/robot control main GUI on the lower1ight win-
dow. 1 >uring the actual teleoperation after the camera
calibration and object localization, a calibrated graphics
overlay on the live video picture appears on the upper
Ieft window, 3-1> graphics display of either a calibrated
view that matches with a real camera view or an
opet ator-defined virtual camera view (of any desired
viewing position and angle) on the lower left window,
another 3-D graphics display or task auto scquencing
GUI on the upper right window, and graphics/robot con-
trol main GUI on the lower rightwindow.

V. ORU Changeout Remote Servicing Dem onstra-
tion

The developed "previewed” predictive displays
have been successfully utilized in demonstrating a
ground-simulated ORU changeout remote servicing task
by remotely operating a robot arm at NASA Goddard
Space Flight Center from the Jet Propulsion 1.aboratory.
The demonstration is to show potential capabilities of
ground-contiolled telerobotic servicing. The Enginecring
Test Bed Robotics 1.ab at NASA Goddard Space Flight
Center has an Explorer Platform (EP) spacecraft
mockup with an hAM S (Multi-Mission Servicing) ORU
module. The EP spacecraft, which was launched in
199?, is a modular mission spacecraft, cariying severa
modules that can be replaced on orbitbyastronauts, In
the demonstration a Robotics Research Corporation K-
1607 robot arm and al.ightweight Servicing Tool (1 S'1';
socket diiver power tool) mounted at the end of the arm
were used [10].

i

Fig.6. An example Of preview/predictive displays with
calibr ated graphics over lay during the perfor mance of
the JPI.-Goddard remote servicing demonstration of an
ORU changeout task.

For live video image transmission from NASA-
GSIC to JP1, the NASA Select NTSC Television
broadcasting channel is used (30 frames/s; the delay
may be about 0.5 S). For a bidirec tional command/data
link, TCP/1P socket communication with ethernet con-
nection through the Inter Net computer network is used.
The round-t1 ip Internct socket communication delay
between J)’], and NASA-G SEC wasmeasured avout 0.2
s On the average, although there were often long time
delays (c.g., a 10-minute testing indicated that about
0.8% of the delays waslongerthan 0.5 s and about
0.01 % was longer than4 s). A telephone line is also
provided for voice. communication during the demons-
t ration.

xamples of calibrated graphics overlays for 2
different camera views ate shown in Fig, 4. The aver-
age camer a calibration and object local iz ation criors on
the image plane were less than 2% for all four camer a
views. An example of preview/predictive displays with
calibrated graphics overlay during the pet formance of
the remote ORU changeout task is shown in Fig, 6.

VI. CONCLUSION

New developments and applications Of graphics
displays in all three phases of off-line task
analysis/planning, simulated training, and on-line task
execution to reduce operation uncertainties and increase
operation efficiency and safety were described. Task
analysis/plauning displays provided substantial aid in
investigating workcell layout, robot motion planning,
and sensor planning for a simulated SMSR task, A
fore.c-xefle.c.ting training simulator with visual and
kinesthetic force virtual reality was developed to serve
as an introductoty training tool prior to training with



actual robots, Finally, on-line high-fidelity 3-D
preview/pre.dictive displays were described for applica-
t ionsto ground-controlled telerobotic servicing in space.
Simulated graphics "virtual environment” was mate.he.d
with the remote site real task environment by using
operator-interactive camera calibration and object locali-
zation methods. In the “previewed” predictive display
strategy for enhanced operat ional safety, the operator
interacts with the graphically simulated virtual environ-
ment first, and only after graphics preview verification,
the operator sends the motion execution command to
the remote site.
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